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reference solution channels in fluid communication with the
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ing properties of the analyte to determine at least one of an
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1
MICROFLUIDIC ANALYTE DETECTION
CARTRIDGE DEVICE, SYSTEM AND
METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. 119(e) to
U.S. Provisional Patent Application No. 61/778,879, filed
Mar. 13, 2013, entitled “Microfiuidic Analyte Detection”,
and to U.S. Provisional Patent Application No. 61/778,916,
filed Mar. 13, 2013, entitled “Microfluidic Analyte Detec-
tion.” The entire contents of each of the above-referenced
applications are incorporated herein by reference.

INTRODUCTION

Exemplary embodiments of the microfluidic cartridge
device, system and method described herein prevent drug
infusion errors. Such errors are known as “never events”—
preventable errors that should never occur but nevertheless
do occur. An estimated 1.5 m preventable adverse drug
events occur each year in the US. More than half of these are
caused by IV infusions, which are disproportionately serious
and life-threatening. Some errors result from the preparation
of a solution of the wrong drug or of the right drug at the
wrong concentration. Other errors arise from the incorrect
labeling of the contents of an infusion bag. Still other errors
occur when the wrong bag is connected to the intravenous
line or when the incorrect rate is set on the infusion pump.
Beyond the serious risk of patient harm, and potentially
irreversible damage to a hospital’s reputation, infusion
errors also result in significant medical and legal costs, with
some estimates on the order of $1 million annually per
hospital.

Existing safety precautions involve repetitive staff checks,
bar code systems, and/or smart infusion pumps, none of
which has effectively addressed the errors described above.
Studies have found that even when these safeguards are
utilized, drug infusion errors continue to occur. Repetitive
checking consumes valuable staff time, is vulnerable to
human error, and is often bypassed to save time and hassle.
Bar code systems cost the average US hospital ~$500,000
annually, limiting adoption. Cost and integration hurdles are
exacerbated by a need for standardization. Adoption of
smart pumps has been plagued by high cost and failure to
prevent errors. The FDA found that during 2005-2009 at
least 56,000 adverse events and 710 deaths were linked to
infusion errors that occurred with a smart pump in use.

An exemplary method aspect comprises a method of
determining at least one of an identity, concentration, dos-
age, and dose of an intravenous analyte to be tested prior to
being administered to a patient, the method using a micro-
fluidic device comprising a microfluidic sample channel and
a microfluidic reference channel in fluid communication
with a test microfluidic channel, and a processor. The
method comprises: measuring, by the microfluidic device,
within the test channel, at least one of electrochemical,
chemical, physical, biological, biochemical, thermal and
optical properties of the tested analyte in the presence of at
least one reference solution; generating, by the processor, a
response profile for the tested analyte from the at least one
measurement; comparing, by the processor, the generated
profile to a known response profile for a specified analyte;
estimating, by the processor, a likelihood that the generated
profile and known response profile match within an accept-
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able range; and generating, by the processor, an error signal
when the likelihood of a match falls outside the acceptable
range.

In various exemplary embodiments, the method com-
prises: (1) when the likelihood of a match falls outside the
acceptable range, administering the analyte to the patient is
at least one of prevented, stopped, and adjusted; (2) identi-
fying, by the processor, the tested analyte, based on the at
least one measurement; (3) determining, by the processor, a
concentration of the tested analyte, based on the at least one
measurement; (4) determining, by the processor, a dose of
the tested analyte, based on the at least one measurement; (5)
determining, by the processor, a dosage of the tested analyte,
based on the at least one measurement; (6) analyzing, by the
processor, the analyte or the concentration of the analyte for
at least one of unsafe drug-drug interactions, conflicts with
known characteristics of the patient, quality metrics, hospital
treatment guidelines and protocols; and (7) pulsing, by the
microfiuidic device, the test channel with a predetermined
voltage and detecting current elicited to determine at least
one of the measurements of the analyte and the reference
solution.

An exemplary device aspect comprises a microfluidic
device for use in a system comprising an intravenous
delivery apparatus in fluid communication with the micro-
fluidic device for providing an injectable test solution con-
taining a test analyte to the microfluidic device, one or more
intravenous lines with one or more ports to deliver the
injectable test solution to the microfluidic device for analy-
sis, a pump or pressure source to circulate the injectable test
solution from one or more intravenous lines, and a reference
solution, a valve in each of the intravenous lines for regu-
lating flow of the injectable solution, and one or more
controllers for operating the valves. The microfluidic device
comprises: one or more test channels, each having a lumen;
one or more reference solution channels in fluid communi-
cation with the one or more test channels; one or more
sample channels in fluid communication with the one or
more test channels with each sample channel also in fluid
communication with the injectable test solution; a detector
coupled to a plurality of sensors that are at least partially
exposed within the lumen of the one or more test channels,
the detector measuring at least one property of the test
analyte; one or more ionic reference solution reservoirs in
fluid communication with the one or more reference solution
channels; and a processor that generates a response profile
for the test analyte from the at least one measurement of a
property, compares the generated profile to a known
response profile for a specified analyte; estimates a likeli-
hood that the generated profile and known response profile
match within an acceptable range; and generates, an error
signal when the likelihood of a match falls outside the
acceptable range.

In various exemplary embodiments, the device comprises:
(1) the detector for measuring at least one of electrochemi-
cal, chemical, physical, biological, biochemical, thermal and
optical properties of the test analyte; (2) when the processor
outputs the error signal to the one or more controllers, the
valve controlling flow of the injectable test solution is closed
by the one or more controllers; (3) a communication link to
an alarm activated by the error signal; (4) information
collected by the system by the processor is transmitted via
an output interface; and (5) the system further comprising an
infusion pump that controls a flow rate of the injectable test
solution, and the flow rate is controlled by the processor
communicating with the pump, based on the measured
properties of the test analyte.
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An exemplary method aspect comprises a method of
assaying an analyte by a microfluidic device comprising one
or more test channels, each having a lumen, one or more
reference solution channels in fluid communication with the
test channels, one or more sample channels in fluid com-
munication with the test channels, a plurality of electrodes,
each electrode at least partially exposed inside the lumen of
the test channels and one or more reference solution reser-
voirs in fluid communication with the reference solution
channels. The method comprising: receiving one or more
reference solutions into the one or more reference solution
channels; receiving one or more samples of a sample solu-
tion suspected of containing the analyte into the one or more
sample channels; mixing in the test channels the one or more
reference solutions and the one or more samples to form a
test solution; measuring a response to a stimulus received by
a sensor that is located within the test solution; comparing
the response to an acceptable range of predetermined values
for mixtures of the reference solution and the sample solu-
tion; and estimating whether one or more of the identity,
concentration, dosage, and dose of the analyte are within the
acceptable range based on the comparison.

In various exemplary embodiments, the method com-
prises: (1) the reference solution comprising at least one of
immunoglobulins, water, bio-molecules, antibodies and
water soluble ionic salts; (2) applying voltage pulses as the
stimulus to the test solution at one or more locations along
the test channels and measuring the response to the stimulus
received by the sensor comprises measuring current result-
ing from the voltage pulses; (3) the stimulus is heat present
in the test solution and the response is temperature measured
at one or more locations along the test channels; (4) the
stimulus is at least one or more of hydrogen and hydronium
ions in the test solution and the response is a pH measured
at one or more locations along the test channels; and (5)
applying pulses from at least one or more of a laser, LED,
and light source, as the stimuli to the test solution and the
sensor comprises one or more photo detectors and the
response is measured as at least one of light reflection and
refraction.

An exemplary cartridge embodiment comprises a micro-
fluidic cartridge for assaying an analyte. The microfluidic
cartridge comprises: one or more test channels, each having
a lumen; one or more reference solution channels in fluid
communication with the test channels; one or more sample
channels in fluid communication with the test channels; one
or more sensors at least partially exposed in the lumen of the
test channels; and a processor coupled to the one or more
sensors for measuring properties of the analyte to determine
at least one of an identity, concentration, dose, and dosage
of the analyte.

In various exemplary embodiments, the cartridge com-
prises: (1) the one or more sensors comprising a plurality of
electrodes for applying voltage pulses at one or more
locations along the test channels and currents between each
of the plurality of electrodes are measured by the processor
to determine at least one of the identity, concentration, dose,
and dosage of the analyte; (2) the one or more sensors
comprising at least one thermal sensor for sensing heat at
one or more locations along the test channel and the heat
sensed by the thermal sensor is used by the processor to
measure temperature to determine at least one of the identity,
concentration, dose, and dosage of the analyte; (3) the one
or more sensors comprising at least one pH sensor for
sensing at least one of hydrogen and hydronium ions at one
or more locations along the test channel and at least one or
more of the hydrogen and hydronium ions sensed by the pH
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sensor are used by the processor to measure pH to determine
at least one of the identity, concentration, dose, and dosage
of the analyte; and (4) at least one of a laser, LED, and light
source, for applying light pulses at one or more locations
along the test channels, the sensor comprising one or more
photo detectors for sensing at least one of light reflection and
light refraction at one or more locations along the test
channels in response to the light pulses, and at least one of
the light reflection and light refraction sensed by the one or
more photo detectors is used by the processor to determine
at least one of the identity, concentration, dose, and dosage
of the analyte.

An exemplary method aspect comprises a method of
determining at least one of an identity and a concentration of
an intravenous analyte to be administered to a patient, the
method using a microfluidic device comprising a microflu-
idic sample channel and a microfluidic reference channel in
fluid communication with a test microfluidic channel, and a
processor. The method comprises: measuring, by the micro-
fluidic device, within the test channel, at least of electro-
chemical, chemical, physical, biological, biochemical, ther-
mal or optical properties of the analyte in the presence of at
least one reference solution; comparing, by the microfluidic
device, the measured properties of the analyte and the
reference solution to an acceptable range of predetermined
values; determining, by the microfluidic device, whether the
measured properties are within the acceptable range of the
predetermined values; and generating, by the microfluidic
device, an error signal if the measured properties are outside
the acceptable range.

In various exemplary embodiments, the method com-
prises: (1) based on the measured properties of the analyte
in the presence of the reference solution, administering of
the analyte to the patient is at least one of prevented,
stopped, and adjusted based on the error signal generated by
the microfluidic device; (2) identifying, by the microfluidic
device, the analyte using the measured properties of the
analyte; (3) determining, by the microfluidic device, a
concentration of the analyte using the measured properties
of the analyte; (4) analyzing, by the microfluidic device, the
analyte or the concentration of the analyte for at least one of
unsafe drug-drug interactions, conflicts with known charac-
teristics of the patient, quality metrics, hospital treatment
guidelines and protocols; and (5) pulsing, by the microflu-
idic device, the test channel with a predetermined voltage
and detecting current elicited to determine the measured
properties of the analyte and the reference solution.

An exemplary device aspect comprises a microfluidic
device for use in a system comprising an intravenous
delivery apparatus in fluid communication with the micro-
fluidic device for providing an injectable test solution con-
taining an analyte to the microfluidic device, one or more
intravenous lines with one or more ports to deliver the
injectable test solution to the microfluidic device for analy-
sis, a pump or pressure source to circulate the injectable test
solution from one or more intravenous lines, and a reference
solution, a valve in each of the intravenous lines for regu-
lating flow of the injectable solution, and one or more
controllers for operating the valves. The microfluidic device
comprises: one or more test channels, each having a lumen;
one or more reference solution channels in fluid communi-
cation with the one or more test channels; one or more
sample channels in fluid communication with the one or
more test channels with each sample channel also in fluid
communication with the injectable test solution; a detector
coupled to a plurality of sensors that are at least partially
exposed within the lumen of the one or more test channels,
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the detector for measuring properties of the analyte; one or
more ionic reference solution reservoirs in fluid communi-
cation with the one or more reference solution channels; and
a processor for comparing measured properties of the ana-
lyte to an acceptable range of predetermined values, deter-
mining whether the measured properties are within the
acceptable range, and generating an error signal if the
measured properties are outside the acceptable range.

In various exemplary embodiments, the microfluidic
device comprises: (1) the detector configured to measure at
least one of electrochemical, chemical, physical, biological,
biochemical, thermal and optical properties of the injectable
test solution; (2) when the processor outputs the error signal
to the one or more controllers, the valve is closed by the one
or more controllers; (3) the acceptable range of predeter-
mined values and the measured properties corresponding to
at least one of the measured electrochemical, chemical,
physical, biological, biochemical, thermal and optical prop-
erties of the analyte, and at least one of an analyte identity,
an analyte concentration, an analyte dose, and an analyte
dosage are determined by the processor based on the com-
parison of the measured properties and the acceptable range;
(4) an alarm that indicates that the one or more measured
properties of the analyte and are outside the acceptable
range; (5) information collected by the system from the
detector is transmitted via an output interface; the system,
further comprising an infusion pump that controls a flow rate
of the injectable test solution, and the flow rate is controlled
based on the measured properties of the analyte by the
processor communicating with the pump; and (6) determin-
ing whether the measured properties are within the accept-
able range based on a probabilistic estimate of the measured
properties.

An exemplary method aspect comprises a method of
assaying an analyte by a microfluidic device comprising one
or more test channels, each having a lumen, one or more
reference solution channels in fluid communication with the
test channels, one or more sample channels in fluid com-
munication with the test channels, a plurality of electrodes,
each electrode at least partially exposed inside the lumen of
the test channels and one or more reference solution reser-
voirs in fluid communication with the reference solution
channels. The method comprises: receiving one or more
reference solutions into the one or more reference solution
channels; receiving one or more samples of a sample solu-
tion suspected of containing the analyte into the one or more
sample channels; mixing in the test channels the one or more
reference solutions and the one or more samples to form a
test solution; measuring a response to a stimulus received by
a sensor that is located within the test solution; comparing
the response to an acceptable range of predetermined values
for mixtures of the reference solution and the sample solu-
tion; and estimating whether one or more of the identity,
concentration, dosage, and dose of the analyte are within the
acceptable range based on the comparison.

In various exemplary embodiments, the method com-
prises: (1) the reference solution comprising at least one of
immunoglobulins, water, bio-molecules, antibodies and
water soluble ionic salts; (2) applying voltage pulses as the
stimulus to the test solution at one or more locations along
the test channels and measuring the response to the stimulus
received by the sensor comprises measuring current result-
ing from the voltage pulses; (3) the stimulus is heat present
in the test solution, and the response is temperature mea-
sured at one or more locations along the test channels; (4)
the stimulus is at least one or more of hydrogen and
hydronium ions in the test solution, and the response is a pH
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measured at one or more locations along the test channels;
and (5) applying pulses from at least one or more of a laser,
LED, and light source, as the stimuli to the test solution, and
the sensor comprising one or more photo detectors and the
response is measured as at least one of light reflection and
refraction.

An exemplary microfluidic cartridge aspect comprises a
microfiuidic cartridge for assaying an analyte. The micro-
fluidic cartridge comprises: one or more test channels, each
having a lumen; one or more reference solution channels in
fluid communication with the test channels; one or more
sample channels in fluid communication with the test chan-
nels; one or more sensors at least partially exposed in the
lumen of the test channels; and a processor coupled to the
one or more sensors for measuring properties of the analyte
to determine at least one of an identity, concentration, dose
and dosage of the analyte.

In various exemplary embodiments, the microfiuidic car-
tridge comprises: (1) the one or more sensors comprising a
plurality of electrodes for applying voltage pulses at one or
more locations along the test channels and currents between
each of the plurality of electrodes are measured by the
processor to determine at least one of the identity, concen-
tration, dose and dosage of the analyte; (2) the one or more
sensors comprising at least one thermal sensor for sensing
heat at one or more locations along the test channel and the
heat sensed by the thermal sensor is used by the processor
to measure temperature to determine at least one of the
identity, concentration, dose and dosage of the analyte; (3)
the one or more sensors comprising at least one pH sensor
for sensing at least one of hydrogen and hydronium ions at
one or more locations along the test channel and at least one
or more of the hydrogen and hydronium ions sensed by the
pH sensor are used by the processor to measure pH to
determine at least one of the identity, concentration, dose
and dosage of the analyte; and (4) at least one of a laser,
LED, and light source, for applying light pulses at one or
more locations along the test channels, wherein the sensor
comprises one or more photo detectors for sensing at least
one of light reflection and light refraction at one or more
locations along the test channels in response to the light
pulses, and wherein at least one of the light reflection and
light refraction sensed by the one or more photo detectors is
used by the processor to determine at least one of the
identity, concentration, dose and dosage of the analyte.

An exemplary embodiment comprises a method of dis-
criminating one or more of the identity, concentration,
dosage, and dose of an analyte in solution from that of a
known target analyte in solution. The method comprises:
measuring one or more electrochemical, chemical, physical,
biological, biochemical, thermal or optical properties of the
tested analyte in the presence of one or more reference
solutions, each having one or more known electrochemical,
chemical, physical, biological, biochemical, thermal or opti-
cal properties; comparing the measured properties to one or
more predetermined values for the known analyte solution
mixed with the same reference solutions; estimating the
likelihood that one or more of the identity, concentration,
dosage, and dose of the tested analyte matches that of the
known analyte in solution, based on the measured properties
of the tested analyte in solution and known properties of the
known analyte in solution; reporting whether there is a
match or mismatch within a range of acceptable error, e.g.,
at a particular confidence level; and generating an error
signal if a mismatch is detected at a particular confidence
level between one or more of the identity, concentration,
dosage, and dose of the tested and target analytes in solution.
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An exemplary embodiment comprises a microfluidic
device for determining an identity and/or a concentration of
an intravenous analyte to be administered, or being admin-
istered, to a patient. The microfluidic device comprises a
microfiuidic sample channel and a microfluidic reference
channel in fluid communication with a test microfluidic
channel; a detector for measuring, within the test channel, at
least one or more of electrochemical, chemical, physical,
biological, biochemical, thermal or optical properties of the
analyte in the presence of at least one reference solution
having one or more known electrochemical, chemical,
physical, biological, biochemical, thermal or optical prop-
erties; a processor within the microfluidic device for com-
paring the measured properties of the analyte and the
reference solution to one or more predetermined values,
determining whether the measured properties match the
predetermined values of the analyte within a known range
and generating an error signal if the measured properties do
not match the predetermined values within the known range.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and features of the invention can be under-
stood more completely by referring to the drawings
described below and the accompanying descriptions. The
figures are not necessarily to scale, emphasis instead gen-
erally being placed upon illustrative principles.

FIG. 1 is a schematic showing an embodiment of a
microfluidic cartridge;

FIG. 2 is a schematic showing an embodiment of an
infusion safety device system including the microfluidic
cartridge;

FIG. 3 is a schematic showing an embodiment of an
infusion safety device system including a graph of response
profiles as a function of drug concentration;

FIG. 4 is a graph showing an example of the detection of
heparin using a microfluidic cartridge;

FIG. 5 is a graph showing an example of the detection of
different heparin concentrations using a microfluidic car-
tridge;

FIG. 6 is a schematic of an embodiment of a pump
arrangement used to transport test and/or reference solutions
of interest from their corresponding source into the micro-
fluidic cartridge;

FIG. 7 is a schematic of an embodiment of an optical
detector system for detecting and measuring the flow rate of
a test solution; and

FIG. 8 is a cross-sectional view of an embodiment of an
optical system for detecting and measuring the flow rate of
a test solution.

DETAILED DESCRIPTION OF CERTAIN
EXEMPLARY EMBODIMENTS

Embodiments of the present invention relate in part to
microfiuidic cartridges, a microfiuidic device, a patient
safety system using the microfluidic device and methods of
using the microfluidic device and the patient safety system,
that identify soluble analytes of interest, e.g., drugs, and
determine information about the analyte in real time. The
microfiuidic cartridges and devices compare each of the
identity, concentration, dosage, and dose of a tested analyte
to the corresponding property, e.g., identity, concentration,
dosage, and dose of a known target analyte. As used herein,
the term “concentration” refers to volume of drug per unit
volume of infusible solution. As used herein, the term
“dosage” refers to one of the volume of drug administered
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per unit time, i.e., milliliters/minute or milliliters/hour, and
or the mass of drug administered per unit time, i.e., milli-
grams/minute or milligrams/hour. As used herein, the term
“dose” refers to one of the mass, i.e., in milligrams, and/or
the total volume of drug administered.

For example, in some embodiments, detection and mea-
surement are accomplished by measuring an electrochemi-
cal profile of the analyte in solution in the presence of a
reference solution. The reference solution may have a
known or predetermined electrochemical profile and the
analyte may be known to bind certain ions. When the analyte
solution flows through a microfluidic channel in combina-
tion with a reference solution containing ions to which the
analyte binds, the number of free ions in the mixed solution
will change in proportion to the amount of analyte in the
solution. When the number of free ions changes, an elec-
trochemical profile of the mixed solution also changes. As a
result, the electrochemical profile of the solution is used as
a proxy for determining analyte concentration and identity.

The detection method is not limited to detection and
measurement based on the electrochemical properties of the
analyte. In some embodiments, an analyte of interest in a test
sample is characterized using one or more of electrochemi-
cal, immunochemical, biological, biochemical, optical and
thermal methods. Individual tests can be run in series or
parallel across one or more microfluidic channels in one or
more microfluidic cartridges. The results of individual tests
can be combined to construct a unique chemical/physical/
biological profile of an analyte in a test sample, in order to
identify the analyte or determine the analyte’s concentration.

In some embodiments, microfluidic cartridges form part
of a patient safety system that is used at the bedside, e.g., in
a hospital or other clinical healthcare setting, to verify that
a patient is about to be given the proper injectable, e.g.,
intravenous, medication. The patient safety system detects
mismatch between one or more of the identity, concentra-
tion, dosage, and dose of the intended, e.g., prescribed, drug,
and the corresponding value of the drug that is about to be
administered. Thus, the patient safety system acts as a
gatekeeper or last line of defense between an intravenous
delivery apparatus (e.g., bag, syringe, port, or line) and the
patient, minimizing the risk of human or other errors that
would lead to administering the incorrect drug, or the right
drug at the incorrect dosage or dose.

As described herein, exemplary embodiments of the
microfiuidic cartridge device, system and method reduce
and/or prevent human error in the administration of infusible
drugs, by interposing an automated gatekeeper between the
infusion pump, bag, or line, and the patient’s veins. Using
microfiuidic technology, the microfluidic cartridge device
analyzes a sample of the drug before it reaches the patient
and determines whether it is the right drug at the right dose.
According to an exemplary embodiment, prior to an infu-
sion, a small sample of the intravenous drug solution is
diverted to the microfluidic cartridge device, which uses a
disposable or reusable cartridge to analyze the identity and
concentration of the sample, and tracks the drip rate. Each
cartridge includes microfluidic channels, which are config-
ured. Multiple microfluidic-based tests are performed
quickly inside a single cartridge, enabling the creation of a
detailed physical/chemical profile of the test sample. The
resulting profile is then compared to a library of known
profiles, i.e. reference profiles, in order to detect and report
a match or mismatch between the contents of the test sample
and rate of the infused solution and the intended drug at the
intended dose. If a mismatch is detected, the microfluidic
cartridge device-based system alerts the healthcare staff, and
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also may directly stop, alter, or prevent the flow of drug to
the patient via a mechanical valve or a control signal sent to
the infusion pump.

Microfluidic Cartridges

FIG. 1 shows a microfluidic cartridge, in accordance with
an exemplary embodiment. In this non-limiting example,
microfiuidic cartridge 10 includes a reference solution
microfiuidic channel 20 and a sample microfluidic channel
30 that are in fluid communication with a test microfluidic
channel 40. The reference channel 20, sample channel 30
and test channel 40 may have substantially matching cross
sections that are typically in the 100-500 um* range. The
reference channel 20 and the sample channel 30 may be
approximately 1 cm long, while the test channel 40 may be
approximately 2-3 cm in length. The reference solution
channel 20 connects the test channel 40 to a reference
solution reservoir 22 containing a reference solution. The
sample channel 30 introduces a sample solution to be tested
into the test channel 40 from an intravenous line (IV) or
intravenous bag 32. The reference solution channel 20 and
the sample channel 30 communicate with a first, upstream
end of the test channel 40. Test sample and reference
solution flow into the test channel 40, and the laminar flow
of' the test channel transports the test and reference solutions
to a second, downstream end of the test channel 40 towards
one or more electrodes 50. The test channel 40 may com-
prise a lumen and the electrodes 50 may be at least partially
exposed within the lumen of the test channel 40.

The test sample and reference solution mix via diffusion
as the two solutions travel down the test channel 40.
Electrode(s) 50 are positioned within the mixture as it passes
through the test channel 40. Electrodes 50 are attached to a
switched voltage source, e.g., such as a switched DC source,
and when pulsed have a potential across them. This voltage
pulse causes a current to flow between the electrodes 50
proportional to an ionic concentration and a function of the
type of ions present. The conductance or response current
across the electrodes 50 is measured by a current measuring
circuit or an amperage meter. A conductance profile of the
fluid traveling along the channel 40 is then generated.
Conductivity is assessed by recording the current in
response to voltage pulses. Currents can be amplified, digi-
tized and recorded with standard amplifier chips and A/D
converter cards. Software can be used to control the delivery
of the voltage pulses and to calculate the mean current at
different locations along the test channel 40. The mixed
solution exits the test channel 40 at exit port 60, into a waste
chamber.

The reference solution is a conductive solution, e.g., an
ionic or electrolyte solution. In addition, the conductive
solution is typically an aqueous solution. By way of non-
limiting example, the ionic solution may include Ag*, Fe?*,
Fe**, Zn**, Li*, K*, Na*, Rb*, Cs*, Fr*, Be**, Mg™*, Ca**,
Sr**, Ba®*, Ra®*, and/or Al**. Ionic solutions can be pre-
pared using suitable salts, for example, calcium chloride,
magnesium chloride, zinc chloride, potassium phosphate,
potassium carbonate, potassium hydroxide, sodium phos-
phate, sodium hydroxide, iron nitrate, and silver nitrate.

A particular reference solution can be selected depending
on the analyte to be detected and its expected concentration.
By way of non-limiting example, the reference solution can
have a concentration of between about 1 uM and up to
several M, depending on the reference solution’s maximum
solubility. For example, CaCl, has an upper molar concen-
tration of SM, whereas the upper concentration of ZnCl, is
31M. Suitable concentrations of the reference solution
include, for example, about 1 uM, 5 uM, 10 uM, 50 uM, 100
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uM, 200 uM, 300 puM, 400 uM, 500 uM, 1 mM, 5 mM, 10
mM, 50 mM, 100 mM, 200 mM, 300 mM, 400 mM, 500
mM, 1 M, 2 M, 3 M, 4 M or 5 M. The choice of
concentration depends on whether the mix between refer-
ence and test solution results in a decrease or increase of free
ions. The selected reference concentration should maximize
the range of concentrations of test solutions that can be
determined. If the reaction between test and reference solu-
tions reduces the number of free ions, it is advantageous to
start with a reference solution at the highest possible con-
centration, i.e., with maximal number of free ions corre-
sponding to maximal ionic conductivity. A low initial ref-
erence concentration may decrease the accuracy of detecting
the concentration of the test solution because of a low
saturation point.

The test sample is any solution that is interrogated for the
presence and/or concentration of an analyte of interest, e.g.,
a drug. For example, the test sample can be a fluid sample
from an intravenous bag containing a drug that is to be
administered to a patient. In some embodiments, the test
sample is prepared by dissolving, suspending, or reconsti-
tuting a solid in a solvent such as water. In another embodi-
ment, the test sample can be drawn from the contents of an
IV line or from a syringe or other injectable device. None of
these examples is meant to limit the method of introducing
the test sample into the microfluidic cartridge 10.

Electrochemical reactions between an analyte of interest
and free ions in a reference solution can be used to detect the
concentration and identity of the analyte. Any analyte, such
as a drug of interest, that binds one or more ions can be
identified and measured using the systems and methods of
the invention, such as, for example, anticoagulants, e.g.,
heparin, narcotics, e.g., morphine, and anesthetics, e.g.,
propofol, insulin, and electrolytes, e.g., potassium chloride
(KCI). The drug of interest typically is present in a test
solution, e.g., an injectable IV solution. A test solution
suspected of containing the drug of interest is paired with
one or more reference solutions, each containing an ion to
which the drug of interest is known to bind with a specific
affinity. Based on this pairing, the concentration of a test
solution drawn from a drug with a presumed identity can be
determined using the microfluidic cartridge 10 described
herein.

For example, since insulin is known to bind zinc, the
insulin content of a solution, e.g., an IV solution, can be
confirmed by mixing in a microfluidic channel the insulin-
containing test solution together with an aqueous zinc chlo-
ride reference solution. Similarly, since heparin also is
known to bind zinc, the heparin content of a solution, e.g.,
an IV solution, can also be confirmed by mixing in the
microfiuidic test channel 40 a heparin-containing test solu-
tion together with an aqueous zinc chloride reference solu-
tion. Insulin and heparin bind free zinc ions, thereby
decreasing the zinc ion concentration of the mixture. The
current in response to a voltage pulse in the test channel 40
is proportional to the concentration of free ions left in the
mixture. The current, or change in current from a baseline
measurement, can provide an estimate of the original con-
centration of the test solution, e.g., insulin or heparin.

Different drugs can be distinguished by testing drug-
containing solutions with multiple reference solutions. For
example, the identity and concentration of heparin and
insulin saline solutions can be discriminated using aqueous
reference solutions of calcium chloride, magnesium chlo-
ride, and/or zinc chloride. As shown in Table 1, a compari-
son of binding constants to heparin is provided indicating
that calcium and zinc exhibit similar binding properties to
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heparin, which is greater than that exhibited by magnesium.
Mattai J., Kwak J. C. “Quantitative similarity of zinc and
calcium binding to heparin in excess salt solution.” Biophys.
Chem. 1988; 31: 295-299.

TABLE 1
Tonic
concentration
(mol/l) log KOMg2+ log K%, log K%,
0.01 3.83 £ 0.05 4.29 = 0.05 4.30 = 0.05

For a given heparin concentration, the currents obtained
in calcium or zinc chloride reference solutions in response to
voltage pulses will be greater than the currents obtained in
a magnesium reference solution. For a given insulin con-
centration, the currents generated will be greater in a zinc
chloride solution than in calcium or magnesium chloride
reference solutions.

The system and methods described herein are not limited
to distinguishing small molecule analytes. As shown in
Table 2, examples of analytes, by test type and reference
solution for use with the system and methods of the inven-
tion are provided. Exemplary reference solutions comprise
water soluble ionic salts, bio-molecules, antibodies, and
immunoglobulins. Proteins have a characteristic pH at
which positive and negative charges on the molecule bal-
ance out, rendering the protein electrically neutral. This pH
is known as the isoelectric point (pl) of the protein. When the
pH of an aqueous solution is adjusted to match the isoelec-
tric point, proteins normally precipitate. For example, the
pH of a 0.1 M solution of ammonium sulfate is 5.5. At this
pH, insulin is electrically neutral. If a voltage pulse is
applied, the resulting current will be exclusively the result of
the conductivity of ammonium sulfate. By adjusting the pH
of a reference solution, the identity of insulin (pl, 5.5),
morphine (pl, 9.1), albumin (pl, 4.9) and y-globulin (pl, 6.6)
may be determined.

TABLE 2
Analyte Test type Reference solution
KCl Electro-chemical, Deionized water
thermal
Heparin Electro-chemical CaCl,, ZnCl,, MgCl,
Insulin Electro-chemical, CaCl,, ZnCl,, MgCl,,
antibodies immunoglobulins
Morphine Electro-chemical Ammonium sulfate
Albumin Electro-chemical Ammonium sulfate
y-globulin Electro-chemical Ammonium sulfate
Propofol Electro-chemical Ammonium sulfate

An advantage of the microfluidic cartridge 10 described
herein is that only small reaction volumes are needed. The
identity or concentration of an analyte can be determined by
testing less than 1 mL of solution. By way of non-limiting
example, the test sample can be less than about 1 mL, 500
ul, 250 pul, 100 pL, 50 pL, 25 pul, 10 pL, S pl, 2 pul, or 1
pL. Similarly, the volume of reference solution consumed in
a test run can be less than about 1 mL., 500 pl, 250 pL., 100
ul, 50 ul, 25 ul, 10 ul, 5 pul, 2 ul, or 1 ul.. Equal volumes
of'test sample and reference solution can be used or different
volumes can be used, depending on the desired final con-
centration of ions during a given test. Accordingly, the final
ion concentration in the test channel 40 during a test may be
adjusted by selecting a reference solution at a specific
concentration and/or by varying the proportions of test
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sample solution and reference solution. Accordingly, the
solutions may be mixed in equal proportions or may be
mixed in varying unequal proportions.

The test sample and the reference sample may be intro-
duced into the test channel 40 as a stationary injection.
Alternatively, the test sample and the reference sample may
be introduced at a substantially constant flow rate. By way
of non-limiting example, the test sample and reference
solution may be injected at a flow rate between about 100
pl/s to about 1 ul/s, e.g., about 100 ul./s, 50 pul/s, 25 pl/s,
10 ul/s, 5 pl/s, 2 pul/s, or 1 pul/s. The test sample and the
reference solution can be introduced at substantially the
same rate or at different rates.

The microfiuidic cartridge 10 can be made of any suitable
material such as glass, polymer, e.g., polydimethylsiloxane
(PDMS), plastic, e.g., whole-teflon, or combinations thereof.
A difference between these materials is hydrophilicity. Poly-
mers tend to be hydrophobic while glass and whole-teflon
are hydrophilic. Hydrophobic surfaces, such as PDMS, tend
to inhibit the passive capillary flow of aqueous solutions.
Given that many test and reference solutions use water as a
solvent, a pump may be required to maintain the flow of
solutions through microfluidic channels made of hydropho-
bic materials. If capillary flow is preferred, the hydrophilic
surface area of the channel walls can be increased to increase
flow. To this end, glass and PDMS layers can be bonded
together in a way that maximizes glass surface area of the
inner surface of the microfluidic channels, while avoiding
potential leaking along the edges of the channel. Alterna-
tively, a whole-teflon cartridge may be used.

The reference solution channel 20, the sample channel 30,
and the test channel 40 can be formed by etching, molding,
milling, or casting, for example. The microfluidic cartridges
10 may be composed of multiple pieces that are attached, by
forming the reference solution channel 20, the sample chan-
nel 30, and the test channel 40 in the surface of a first
substrate and then attaching a second substrate over the
channels to enclose them. The test channel 40 may have any
suitable diameter and any suitable length, shape or configu-
ration to allow mixing to occur. By way of non-limiting
example, the diameter may be between about 1 mm to about
1 um, for example, substantially about 1 mm, 500 um, 250
pum, 100 um, 50 um, 10 um, or 1 pm. By way of non-limiting
example, the length may be between about 100 mm to about
1 mm, for example, substantially about 100 mm, 50 mm, 25
mm, 20 mm, 10 mm, 5 mm, or 1 mm. In various embodi-
ments, the test channel 40 has a substantially round cross-
section. However, rectangular or other cross-sections may
be used. The sample channel 30 and reference solution
channel 20 may have similar dimensions as the test channel
40. The sample channel 30 and the reference solution
channel 20 are in fluid communication with the test channel
40.

The electrodes 50 may be made of any suitable conduc-
tive material, such as copper, silver, gold, platinum, palla-
dium, and combinations thereof. In an embodiment, the
electrode 50 is a platinum/palladium alloy. The electrodes 50
may be inserted before or after the test channel 40 is formed.
In some embodiments, the electrodes 50 are positioned on
opposing walls. At least a portion of the electrode tips
projects into the test channel 40. The electrodes 50 are
spaced apart to allow current to be tested across the fluid
sample flowing through the test channel 40. The electrode
tips may be spaced apart, for example, about 10 um to about
1 mm. The electrodes may be substantially about 10 um, 20
um, 30 um, 40 um, 50 pm, 60 um, 70 pm, 80 um, 90 pm, 100
pm, 200 um, 500 um, or 1 mm apart. In some embodiments,
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electrodes 50 are placed at multiple locations along the
length of the test channel 40. The current can be tested and
measured in the reference solution channel 20, to calibrate
for maximal current obtained by the reference solution
alone, and to provide a within-experiment control.

Voltage is applied across the electrodes 50 and a response
current is measured through the solution in the test channel
40. By way of non-limiting example, the voltage may be
between about 1 mV to about 20 V, e.g., substantially about
1 mV, 10 mV, 50 mV, 100 mV, 200 mV, 500 mV, 1 V, 2V,
5V, 10V, or 20 V. A voltage pulse can be transmitted to the
electrodes 50 in pulses. By way of non-limiting example, the
pulse may be between about 1 ms to about 1 s, substantially
about 1 ms, 2 ms, 5 ms, 10 ms, 20 ms, 50 ms, 100 ms, 200
ms, 500 ms, or 1 s. Voltage pulses may be administered in
rapid succession as a pulse train over a period of time in a
single test run, for example, over a second or minute.
Response current in the solution is measured by an amper-
age meter immediately after a voltage pulse, such as within
about 10 ms of the pulse. A plurality of pulses may be
administered to the same sample in a single test, and the
current responses averaged to provide a more accurate
reading. Voltage could be applied continuously. However, a
pulsed approach makes it possible to apply voltage and
measure the resulting current with the same pair of elec-
trodes.

The microfluidic cartridge 10 may be single-use only or it
can be reusable. In the case of a reusable microfluidic
cartridge, the reference solution reservoir can be replaceable
or refillable. The microfluidic cartridge 10 also may include
a flush solution inlet for receiving flush solution to wash the
test channel 40 between tests. Before reusing a given micro-
fluidic cartridge 10, a washing procedure is implemented.
The washing procedure includes after flushing one or more
microfiuidic channels, as needed, the corresponding refer-
ence solutions flow through the channels and their response
profiles are assessed. If the measured responses do not match
the expected responses for those reference solutions flowing
in those channels, a new cartridge is used. Otherwise, the
cartridge may continue to be used for additional testing.

Each microfluidic cartridge 10 can be pre-configured to
detect specific analytes of interest, such as a compound or a
class of compounds to be analyzed. In addition, the micro-
fluidic cartridge 10 may contain a plurality of independent
test channels, e.g., 2,3,4,5,6,7, 8,9, 10, or more, each with
specific reference solution(s) and electrode(s), since each
channel may have its own electrodes. Alternatively, a single
reference solution reservoir may connect to multiple test
channels. Microfluidic cartridges 10 can also be configured
or reconfigured on-the-fly. The concentration of one or more
reference solutions may be adjusted based on user input
specifying the presumed analyte identity and concentration.
The concentration adjustment is done online by adding the
proper volume of solvent to the reference solution(s).

A plurality of microfluidic cartridges can be loaded into a
single master device. The plurality of microfluidic cartridges
may be similar or different, such that the master device is
capable of measuring a variety analytes. Moreover, one or
more cartridges may be used in a single analysis. For
example, to detect multiple different analytes in a single test
sample or to utilize multiple ions to detect a single analyte.
Additionally, multiple channels can be etched into a single
microfluidic cartridge, in series or parallel, to enable many
tests to be performed per single use of a given cartridge.

Each drug analyte binds to particular ions with a specific
affinity. In operation, a reference solution of ions known to
interact with the analyte of interest is released from a
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prefilled reservoir through a reference solution channel 20 of
the microfluidic cartridge 10. A small amount of test sample
(e.g., <10 pL) suspected of containing the analyte is intro-
duced or diverted into the microfluidic cartridge 10. The test
sample enters the microfluidic cartridge 10 through a sample
channel 30. The test sample and reference solution flow into
a common test channel 40. The small size of the channel
restricts turbulent mixing of the samples, leading to a
precisely controlled diffusion gradient along the length of
the test channel 40. While not being bound by any theory, it
is believed that controlled diffusion along the length of the
test channel 40 occurs due to the following: as the test and
reference solutions travel side by side, the mix between
solutions increases in a reliable and predictable manner as a
function of distance along the test channel 40. Two variables
determine the mixing gradient, including the point beyond
which mixing is maximal: 1) the affinity between the solu-
tions or the components in the solutions and 2) their initial
concentrations. Consequently, measuring current-voltage
relationships at several fixed positions along the channel
aids in revealing both identity and concentration of the test
solution. Identification is achieved by comparing currents
from the point of expected maximal mixing, e.g., towards
the far end of the test channel 40, in different test channels
each with a different reference solution. Concentration is
more comprehensively assessed by measuring the current
gradient along different points of a given test channel and
reference solution.

As the test sample and reference solution begin to mix,
any analyte in the test sample will bind to the ions in the
reference solution, changing the local concentration of free
ions in the test channel 40. A short voltage pulse, e.g.,
amplitude between 1-5 V, duration between about 10-500
ms, applied across a pair of electrodes will generate a current
that is proportional to the concentration of free ions at that
location in the test channel 40. The generated current can be
used as a proxy for the concentration of the analyte in the test
sample.

For example, the presence and concentration of heparin in
an intravenous solution, bag or syringe, i.e., the test solution,
can be detected using a reference solution of aqueous Ca>*
(e.g., CaCl at SM). Heparin is known to bind and sequester
Ca**. Thus, when a calcium solution is mixed with a small
test sample from the intravenous bag, or a syringe filled with
the solution, changes in the conductance profile of the
mixture are dependent upon the concentration of heparin in
the intravenous solution.

Individual measurements of currents in response to volt-
age pulses exhibit variability even if the amplitude of the
voltage pulse and the concentrations of test and reference
solutions are kept fixed. These measurements may be con-
sidered as the response, i.e. current, generated by a stimulus,
i.e. voltage pulse amplitude and reference solution. For fixed
stimulus and test solution concentration, a user may take
several measurements at the point of maximal mixing
between test and reference solutions to create a frequency
histogram of observed responses. The histogram assigns an
occurrence probability value to all responses whether they
were observed, i.e., values between O and 1, or not, i.e.,
value of 0. By repeating this procedure at different test
solution concentrations, a probabilistic response profile to a
given reference solution is generated. The response profile
indicates the likelihood the user will observe a response
given a test solution concentration.

Using Bayes theorem, if the user knows the response
profile ahead of time, the user may take a measurement and
infer the test solution concentration most likely to have
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generated such response. In some instances, an estimation
may be ambiguous. For example, if a test solution generates
non-zero current responses in a narrow range of concentra-
tions only. If a zero current response is obtained during
measurement, the estimation assigns equal likelihood to a
large range of test solution concentrations as the source of
the observed response. In order to narrow the estimation of
the concentration, a library of response profiles may be
generated for different reference solutions ahead of time.
Responses collected for each reference solution are consid-
ered to be statistically independent of one another. Conse-
quently, individual concentration estimations can be com-
bined in a multiplicative fashion to converge on a narrower
concentration value range.

Probabilistic response profiles may be created to infer the
identity of a test solution, independent of its concentration.
As described herein, mixing of test and reference solutions
in a microfluidic channel depend on the solutions’ diffusion
and binding coefficients. By measuring current responses
along the length of the microfluidic channel at different test
solution concentrations the user can measure the rate at
which mixing occurs. The mixing rate may exhibit variabil-
ity and be expressed probabilistically. In this case, the
response profile indicates the likelihood the user will
observe any mixing rate given a test solution identity.
Similar to the concentration case, several test solutions
could have similar mixing rates with a given reference
solution. A way to distinguish the estimated identity of the
test solution is to produce a library of mixing rate profile to
several reference solutions. During measurements, indi-
vidual identity estimations are combined to narrow the
identity of the test solution.

In both cases, the combined probability across multiple
reference solutions provides a quantitative value for the
certainty of the estimation of the identity and concentration
of the test solution.

Multiple tests with different reference solutions may be
run in parallel or in series in order to ascertain the concen-
tration and identity of an analyte of interest, such as a drug.
Sets of tests may be designed to be mutually exclusive, so
that if a battery of tests designed for drug X is used for drug
Y, an error is raised. The microfluidic cartridges 10 may be
used to implement such tests in order to detect drug identity
or concentration by discriminating among a range of pos-
sible drugs and concentrations. The results compiled from
one or more tests run on a given drug or analyte of interest
provide the drug’s electrochemical profile. Additional tests
may be implemented using the system and methods
described herein, in order to construct a comprehensive
physical-chemical profile of the analyte, including electro-
chemical, chemical, biological, biochemical, physical, ther-
mal or optical responses, comprising a signature that can
uniquely identify the analyte and its concentration with a
quantifiable degree of uncertainty or confidence. The
response profile constructed from one or more tests may be
compared against a library of known response profiles, in
order to identify the analyte and/or the analyte’s concentra-
tion. The matching of a response profile based on one or
more tests to a known profile may be implemented by
probabilistic, e.g., Bayesian, estimation methods. The
responses of a given test sample to a set of tests may be
matched to likely known response curves by a processor
programmed to execute probabilistic analysis, with access to
the library of known response profiles. Such analysis points
to likely known response profiles, for an analyte of known
identity and concentration, within quantifiable accuracy
ranges. The faithfulness of determining drug identity or
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concentration based on the responses collected may depend
on the range of drugs and concentrations available in the
library. The library of response profiles may be developed
and dynamically updated to include responses of various
drug types and concentrations to various tests.

A similar approach may be used to detect combinations of
two or more distinct analytes, e.g., drugs, at various con-
centrations mixed together in a single test solution. The
tested responses of such a “compound” test solution, com-
prised of multiple drugs, differ in a measurable manner from
the expected responses of any one of the individual drugs in
the test solution analyzed in isolation. The library of
expected responses to tests performed on a single drug may
be developed to include expected responses to tests per-
formed on that drug in the presence of other drugs that are
potentially co-administered with the drug through a single
route, e.g., the same IV line, or through multiple routes. The
selection of performed tests takes into account such potential
combinations of drugs. Similar to the discrimination of
single-analyte test solutions, a processor unit is programmed
to implement probabilistic estimation methods to identify
the likely identity and concentration of the individual com-
ponent analytes from a range of possible compound solu-
tions composed of individual analytes at various concentra-
tions.

Each battery of tests is implemented using a combination
of one or more microfluidic cartridges 10, each containing
one or more microfluidic channels, in any arrangement,
configuration or shape. Each channel is loaded with one or
more reference solutions and prepared for use with one or
more detector units The detector units include, but are not
limited to, electrode detectors, pH detectors, thermal detec-
tors, optical detectors, antibodies, etc., each detector unit
comprising a corresponding sensor, including but not limited
to electrodes, pH sensors, thermal sensors, and photo sen-
sors. For each drug to be covered by a given battery of tests,
families of response curves for each reference solution and
detector type are created. Each response curve is constructed
by measuring one or more electrochemical, chemical, bio-
logical, biochemical, physical, thermal or optical properties
of different mixtures of analyte and (ionic or other) reference
solution, at different concentrations of the analyte and ref-
erence solutions. Such properties include, but are not limited
to, the following examples: response current to a voltage
pulse, temperature, pH reading, or light reflection. During
real-time use, comparisons between the test outcomes and
library data will provide the likely identity of the analyte and
the analyte’s concentration.

It is noted that the detection of analyte concentration is
independent of the detection of the analyte’s identity. The
concentration of the analyte is detected based on the pre-
sumed identity of the analyte, which is provided by a user,
RFID, smart infusion pump, or any other means.

It is also to noted that the detection of analyte concen-
tration or identity is not restricted to intravenous or drug
solutions. Any analyte in solution may be tested with the
system, regardless of ultimate intended use of the solution,
whether for a patient or any other use.

FIG. 6 shows a schematic of a pump configuration, in
accordance with an exemplary embodiment. A first end of an
external first tube 210 connects to an intravenous line (130
in FIG. 2) and a second end of the external tube flows into
a test solution reservoir 220. Flow of the analyte of interest
from the intravenous line into a test solution reservoir 220 is
controlled by opening or closing a valve 230 that is con-
nected to the external tube. The external tube 210 ends at the
reservoir. The external tube 210 deposits a small, predeter-
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mined, volume of the solution flowing through the intrave-
nous line upon opening of the valve 230. A set of photo
detectors and corresponding photo sensors, and a light
source (such as an LED of a particular wavelength) are
arranged around the reservoir. At least one photo detector is
placed directly opposite from the light source. Light is
emitted continuously and the intensity of light arriving at the
detectors is sampled at a high frequency. Transient devia-
tions in the light intensity pattern allow for the measurement
of the “drip” rate, which is directly related to the flow rate
of the solution containing the analyte of interest. A separate
second tube 240 is suspended inside or connected to the
reservoir 220 and the second tube 240 travels serially
through a set of valves 260 and through a rotating motor,
e.g., a pump, 250 before looping back into the reservoir 220.
Each of valves 2604a-% in the valve bank in turn is connected
to a terminal tube 2704-x that travels and is connected to the
appropriate inlet, e.g., intravenous bag 32 in FIG. 1, of
individual microfluidic cartridges 10. Valve 260x indicates
that any number of additional valves may be added. Rotation
of the main motor 250 promotes flow of the solution from
the reservoir 220 into the second tube 240. Individual valve
openings of the valves 260a-» at the valve bank determine
which microfluidic cartridge 10 receives a sample of the test
solution. The operation of the valve bank, including the
valve connected to the main intravenous line 210, and motor
250 is controlled by a dedicated micro controller computer
280. The controller can set the speed of rotation of the motor
250 as well as the order and timing in which each of valves
260a-r opens or closes. Similar sets of reservoirs, valve
banks and motors are used to ensure the flow of predeter-
mined reference solutions into the appropriate inlet of the
corresponding microfluidic cartridges.

Given that interrogation of a sample test only requires a
small volume of solution in a microfiuidic cartridge 10, it is
advantageous to minimize the length of the tubes carrying
the test solution from the intravenous line 210 to the
microfiuidic cartridges 10. This holds the overall volume of
solution drawn from the intravenous line 210 to a minimum.
In this configuration, the system is preferably placed in close
spatial proximity to the intravenous line 210. However, it is
also possible to implement the system in additional loca-
tions, for example far removed from the intravenous line
210, with additional means of transferring required volumes
of the test analyte to the system.

Patient Safety Systems

Microfluidic cartridges described herein may be inte-
grated into patient safety systems designed to reduce or
eliminate “never events.” The patient safety system includes
standard operating procedures designed to minimize errors
and inconvenience.

FIG. 2 shows a patient safety system 100, in accordance
with an exemplary embodiment. A patient 110 is connected
to an intravenous dispenser apparatus 120 by intravenous
line 130. The intravenous dispenser 120 comprises an intra-
venous bag, port, or other apparatus for delivery of intra-
venous drugs. The intravenous dispenser 120 may contain a
drug or the port may accommodate infusion of a drug from
a syringe or other injectable device. A microfluidic cartridge
140 is in fluid communication with the intravenous line 130.
In one embodiment, a plurality of photo detectors 182, such
as a photo sensor array, and a light source 186 (e.g., LED of
a given wavelength) are arranged around a drip chamber 184
attached to the end of the tubing that connects to the
intravenous dispenser 120. In another embodiment, the light
source-photo detector assembly is placed around the reser-
voir that connects the intravenous line 130 to the microflu-
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idic cartridge 140. In either case, at least one sensor is placed
directly opposite from the light source 186. The light source
186 may emit light continuously. The photo detectors 182
sample the light intensity they collect with a predetermined
sampling rate. The predetermined sampling rate may be a
high, medium or low rate depending on the application.
Because the walls of the drip chamber 184 or reservoir are
made of translucent materials, typically plastic, the light
beam will be diffracted and reflected as it travels through the
walls of the drip chamber 184. The amount of light collected
at each detector 182 is determined by the optical properties
of'the chamber wall. In the absence of any solution flow, the
light intensity pattern across all detectors 182 is the baseline
condition. As the solution flows through the chamber 184,
discrete drops cross the light beam path and alter the overall
diffraction/reflection of the light as it travels through the
chamber 184. Counting the number of times the light
intensity pattern is modified at the photo detector 182 in a
pre-determined time window yields the flow rate in drops
per unit time. This flow rate may be multiplied by a
conversion factor, determined by the diameter of the intra-
venous tubing of the intravenous line 130 (units of volume
per drop) to convert the flow rate into units of volume per
unit time. In one embodiment, a test line 150 automatically
diverts a portion of intravenous fluid from the intravenous
line 130 to the microfluidic cartridge 140, which then tests
the intravenous fluid to determine if the intravenous solution
matches the prescribed solution. In some embodiments, the
description of the prescribed solution, including assumed
drug identity, concentration, dosage or dose, is provided as
input 170 to the microfluidic cartridge 140, which acts as a
patient safety device. The prescription can be pre-pro-
grammed into or transmitted to a processor 180 that controls
the microfluidic cartridge 140 and a safety valve 160. The
processor 180 comprises a clock or timer for monitoring the
duration of an infusion. If a mismatch between tested and
prescribed solution and dosage is detected—e.g., the intra-
venous solution contains the wrong drug and/or the wrong
concentration of the right drug, and/or it is flowing at the
wrong rate—the processor 180 closes the safety valve 160 in
the intravenous line 130 to prevent patient infusion. An
alarm, e.g., one or more of visible, audible, and tactile alert
at the device or transmitted to a remote location, e.g.,
nursing station or quality control monitoring station, also
can be triggered by the processor 180 if a mismatch is
detected. Alternatively, if the identity of the tested and
prescribed solutions match, but the intended concentration
and/or flow rate is not as expected, the processor 180 keeps
track of the elapsed time from the start of the infusion to
enable the full prescribed dose to be administered. In an
exemplary embodiment, an initial warning may announce
the detected mismatch and the time the infusion should last
to ensure the delivery of the prescribed dose. Once the full
dose has been delivered, an alarm may be triggered by the
processor 180 to stop the infusion. In some cases, the
processor 180 may adjust the flow rate to deliver the desired
dose over the desired infusion period. Such adjustment can
occur via communication by the processor 180 with the
infusion pump or mechanical clamp on the infusion line.
FIG. 3 is a schematic showing an embodiment of an
infusion safety device system including a graph of response
profiles as a function of drug concentration. In particular,
FIG. 3 shows an example of the system 100 when used to
confirm one or more of the identity, concentration, dosage,
and dose of a drug in a test solution. In step 1, a user inputs
information about one or more of the identity, concentration,
dosage, and dose of the intended, e.g., prescribed, drug. This
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information may also be transmitted automatically to the
device, e.g., via RFID, barcode reading, or wireless com-
munication, without the user explicitly or manually provid-
ing input) into a microfluidic device 310. In step 2, a test
sample is diverted to the device 310. In step 3, a microfluidic
cartridge 320, i.e., cartridge containing one or more micro-
fluidic channels described herein, is selected from a bank of
available cartridges. The selection of the cartridge 320 may
depend on the presumed drug identity, concentration, dos-
age, and dose, and is made in a way that optimizes the
performance of the device 310. In some cases, a combina-
tion of cartridges may be selected and used in series or
parallel. In step 4, one or more tests are performed on the test
sample with the selected cartridge 320, in order to confirm
one or more of the presumed drug identity, concentration,
dosage, and dose. In step 5, measurements obtained from
these tests are compared to known reference data to deter-
mine one or more of the identity, concentration, dosage, and
dose of the drug in the test sample. The comparison takes
place in a processor, such as the processor 180 described
above with respect to FIG. 2, housed in the device 310 but
separate from the microfluidic cartridges 320. In step 6, the
drip rate is measured using a light emitter-receptor assembly
around the drip chamber. In step 7, an alarm is raised if a
mismatch is detected between the identity of the tested drug
and that of the presumed drug. An alarm may also be raised
if there is a mismatch between the concentration of the tested
drug and that of the presumed drug. An alarm may also be
raised if there is a mismatch between the dosage of the tested
drug and that of the presumed drug. The tested drug’s dosage
is estimated based on the tested concentration and the
measured flow (or “drip”) rate. If the identity and dosage of
the tested drug match those of the presumed drug, the drug
is administered to the patient. In some cases, the total dose,
i.e., volume of drug administered, is of concern, not only the
dosage, i.e., dose administered per unit time. To address this,
the device 310 tracks the time elapsed from the start of the
infusion, and based on the estimated flow rate and detected
concentration of the drug, the device calculates the duration
of infusion needed to deliver the total dose. The device 310
times the infusion and raises an alarm or alerts the medical
staff at the end of the desired infusion period, in order to
ensure that the intended dose has been delivered. The device
310 may also adjust or stop the flow of the infusion at any
point during the desired infusion period, or at the end of the
desired infusion period. The graph in FIG. 3 entitled
“Response Profiles as a Function of Drug Concentration”
illustrates a response profile for a subset of drugs (Heparin,
Insulin and KCl) at several concentrations to “n” different
reference solutions. By comparing the measurements
obtained in step 4 to the response profiles corresponding to
the presumed drug (column), the most likely concentration
to have generated the observed response is determined.
Similar response profiles may be generated that quantify the
rate of mixing for different drug and reference solution
combinations. By performing a similar comparison, the most
likely drug responsible for the observed rate of mixing is
identified. These comparisons may be stated in probabilistic
terms. Thus, the presumed drug identity and concentration,
along with alternative drugs and/or concentrations, are
assigned a specific likelihood. The values of these probabili-
ties range between 0 and 1 and indicate the certainty with
which one or more of the drug identity, concentration,
dosage, and dose are estimated. The outcome of comparing
the measurement from step 4 to the library of profiles is
illustrated in the graph in FIG. 3 entitled “Potential Out-
come.”
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In some embodiments, the microfluidic cartridge 140 is
installed in-series, i.e., in-line, with the intravenous line 130
and in some embodiments the microfluidic cartridge 140 is
installed in parallel, i.e., branched, with the intravenous line,
130. In some embodiments, multiple microfluidic cartridges
may be installed in a single device that can receive fluid
input (test samples) from multiple sources, e.g., multiple IV
lines.

In exemplary embodiments, the system 100 includes the
following components: input device, micro controller,
acquisition unit, micro pump system, mechanical units,
clock, processor, light emitter—photo receptor assemblies,
microfiuidic cartridges, and output devices. The input
device, which may include a touchscreen, keypad, USB,
Ethernet or wireless port, or any other means for inputting
data, is used by a user to specify the assumed/expected drug
identity and concentration as well as the desired dose (mg)
and intended dosage (e.g. mg/min or mg/hour). The input of
information can be done manually, by interacting with the
keypad or touchscreen, or automatically, by having a bar
scanner (e.g., RFID) or a central computer communicate
directly with the system via USB, Ethernet or wireless ports.
The input device may be connected to a micro controller
which, in turn, is connected with a micro pump system, a
signal acquisition system (A/D converter, amplifiers and
clock), output devices (display, audio, electro-mechanical
clamp or valve, and USB, Ethernet or wireless connectivity
ports) and mechanical units (loading unit used to replenish
microfluidic cartridges as needed, clamps used to hold and
dispose of cartridges). Upon entry of information about
desired dose and intended dosage, the processor records the
light intensity collected at each photo receptor in the absence
of liquid flow to establish a baseline light intensity pattern.
Next, the photo receptor continues to sample the light
intensity at a predetermined rate and records the times at
which the pattern across all photo receptors changes because
of the temporary alteration in overall diffraction/reflection
introduced when a drop of liquid crosses the path of the light
beam inside the drip chamber. Once a predetermined time
interval has passed, the processor calculates the drip rate as
the number of times the collective light intensity pattern
deviated from baseline in said interval. The flow rate is
calculated by a conversion factor determined by the diam-
eter of the intravenous tubing. Upon entry of information
about expected drug identity and concentration, the central
controller directs the pump system to draw a sample from
the intravenous line into a predetermined set of microfluidic
cartridges. The microfluidic cartridges may be pre-loaded
ahead of the test, or loaded at the time of the test. The
number and order in which these cartridges are used for a
given analyte are selected by the controller, depending on
the user information provided as well as the outcome of the
initial tests. Once flow has been established, the control unit
drives the delivery of voltage pulses and the recording of the
resulting ionic currents. Next, a program executes to deter-
mine measures of central tendency (mean, standard devia-
tion, etc.) of the recorded data from each of the microfluidic
cartridges. If measurements match the expected behavior
given the expected identity and concentration of the test
solution, the micro controller may: 1) issue a message that
confirms the identity and concentration and 2) open the
valve that allows flow of the intravenous line into the
patient’s arm. If the measurements do not match the
expected behavior of the test solution, the micro controller
may: 1) direct flow of the test solution into additional
microfluidic cartridges for further testing; 2) raise an alarm
displaying the error indicating wrong medication or incor-
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rect concentration, log the error, test results and associated
information to a storage device, e.g., hard-drive, and/or
communicate the error to a centralized/networked computer
via Ethernet, wireless, USB or other network connection; 3)
close the valve that prevents the flow from the intravenous
line into the patient’s arm; or 4) if the mismatch occurs only
between the assumed drug concentration or expected flow
rate to meet the intended dosage, the processor allows the
infusion to proceed, start a timer, issue a warning about the
encountered mismatch and the time it would take to deliver
the desired dose and raise an alarm once the full dose has
been completed. Once testing has finished, irrespective of
result, the processor may: 1) direct the clamp holding the
recently used cartridges to release them into a trash bin, 2)
count the number of remaining cartridges for future tests, 3)
assess the space left in the trash bin and 4) display appro-
priate information informing the user to take appropriate
actions, e.g., empty bin, replenish cartridges, service unit,
etc.

In some embodiments, the microfluidic cartridge 140 tests
the intravenous solution in real-time, and the safety valve
160 is closed only if there is a mismatch. In some embodi-
ments, the safety valve 160 is closed by default and/or an
infusion pump is stopped until microfluidic analysis is
performed and the identity/concentration of the intravenous
solution confirmed. Upon confirmation, the safety valve 160
is opened automatically or manually, and/or the infusion
pump is activated, thereby permitting patient infusion.

The patient safety system 100 may be situated at different
locations, depending on the desired application. For
example, the system 100 can be located at the bedside just
before the point of entry to the patient, functioning as a
gatekeeper between one or more intravenous bags or injec-
tion ports 120 in the IV line(s) 130 and the patient. Alter-
natively, the patient safety system 100 can be centrally
located at the site of drug preparation, e.g., hospital phar-
macy or manufacturing plant, to confirm that intravenous
bags, prefilled syringes and other containers of injectable
solution are filled with the proper contents (drug type and
concentration), meet appropriate levels of quality, or are
properly labeled.

The microfluidic cartridge 140 may be in communication
with and/or controlled by a control interface, such as a
computer. The control interface may transmit instructions to
the microfluidic cartridge 140, such as to open valves and
operate pumps to move fluid through the microfluidic car-
tridge 140. The control interface also may receive data from
the microfluidic cartridge 140, such as amperage measured
in the test channel. The control interface can include soft-
ware that when executed, calculates the conductance across
the test channel and extrapolates the identity and/or concen-
tration of the analyte in the test sample. The control interface
also can control the safety valve in the intravenous line 130
to start or stop patient infusion. The control interface may
display the conductance profile on a graphical user interface,
such as a monitor, or the control interface may trigger an
alarm (e.g., visible, audible, and/or tactile) that a mismatch
has been detected.

The patient safety system 100 minimizes errors in intra-
venous drug identity or dosage (concentration and/or flow
rate). Drug identity and concentration are confirmed en route
to the patient, and preferably the analysis is performed as
close as possible to the point of entry to the patient 110. In
bedside embodiments, the patient safety system 100 may
include a safety valve that prevents intravenous solution
from flowing to the patient. The system 100 is straightfor-
ward and easy to use. For example, a healthcare professional
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prepares an intravenous bag and attaches it to the patient
safety system 100. A small sample of the intravenous
solution is diverted to a microfluidic cartridge 140 that
verifies the identity and concentration of an analyte of
interest (e.g., a drug) in the intravenous solution. The patient
safety system 100 may be programmed in a variety of ways
to analyze the intravenous solution: for example: (i) the
patient safety system 100 may be pre-programmed to expect
a particular intravenous solution to be delivered to the
patient; (ii) the prescribed intravenous solution may be
transmitted automatically from the pharmacy to the patient
safety system at the bedside; or (ii) the prescribed intrave-
nous solution may be manually entered by a healthcare
worker. Once the identity and dosage (concentration and/or
flow rate) of the drug test correctly the safety valve is
opened.

The microfiuidic cartridge 140 of the patient safety sys-
tem 100 analyzes the concentration and/or identity of an
infusible compound—e.g., a pharmacological therapeutic
agent, a diagnostic agent (radio tracer for imaging)—and the
patient safety system 100 gates the infusion flow to the
patient, pending correct drug identity and concentration.

In some embodiments, the intravenous solution is
assessed at the initiation of infusion and before any intra-
venous solution enters the patient 110. The 160 valve may be
controlled by the control interface of the patient safety
system 100 is initially closed, preventing patient infusion.
Among other options, the valve 160 can take the form of a
clamp placed around the intravenous line 130 en route to the
patient that can be tightened or released (like a cuff) by an
electrical signal from the interface controller. The intrave-
nous line 130 is filled with the intravenous solution to be
infused and a small drop is siphoned into an input port of the
microfluidic cartridge 140 for analysis. The intravenous line
130 is attached to the patient’s intravenous entry port as the
valve 160 remains closed, preventing flow to the patient 110.
The presumed identity and concentration of the compound
are used as inputs to the microfluidic cartridge 140 (either
manually entered, scanned or digitally transmitted). Based
on the inputs and other settings, the microfluidic cartridge
140 performs one or more tests on the sample drawn from
the line 130. Based on the results of the testing performed,
the microfluidic cartridge 140 can either open the valve 160
and allow flow to the patient 110 controlled by the infusion
pump, raise an alarm and continue to prevent flow, or
communicate with external equipment or systems, e.g.,
infusion pump or controller computer, to prevent, stop or
adjust rate of flow in the intravenous line 130 to the patient
110. Such communication can be mediated by an external
computer connected directly to the device or via a network
link. Alternatively, the microfluidic cartridge 140 may com-
municate directly with a suitable infusion pump via USB,
Ethernet, optical or other communication mechanism, in
order to control the flow of the injectable/infusible solution
to the patient 110.

In some embodiments, intravenous fluid is monitored
after infusion has begun. For example, the intravenous fluid
can be monitored continuously or at periodic intervals
during infusion. A small test sample is siphoned from the
intravenous line 130, with or without closing the safety
valve 160. One or more tests can be run on the sample while
infusion continues. If a mismatch is detected, an alarm is
raised and the safety valve 160 is shut.

The detected identity or concentration of the test solution,
e.g., drug, can be cross-referenced with the known charac-
teristics of the patient, e.g., allergies, symptoms, biomarkers,
monitored signs, and chart (written, electronic or otherwise)
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or doctor’s orders, and the administration of the drug can be
prevented, stopped or adjusted by the microfluidic cartridge
140, if there is a mismatch between any of these and the
detected drug or concentration. Such cross-referencing can
be achieved by interfacing with a networked computer or
accessing a database containing relevant patient data, hos-
pital protocols and doctor’s orders. The processor unit in the
microfiuidic cartridge 140 may compare the detected iden-
tity and concentration of the test solution with a stored or
networked look-up table of allowable drugs and dosages,
calculated from the concentration and rate of flow, if rel-
evant. The rate of flow can be detected via a simple sensor
in the microfluidic cartridge 140 in fluid communication
with the IV line 130, or via input to the microfluidic
cartridge 140 by the user or from an interface with a suitable
infusion pump. If a potential mismatch is found between the
detected and allowable drug and dosage value, the micro-
fluidic cartridge 140 can raise an alarm or prevent, stop or
otherwise adjust the flow of the drug to the patient 110.

A similar approach can be used to detect potentially
unsafe mixtures of two or more drugs. Based on the micro-
fluidic cartridge’s 140 ability to detect and analyze com-
pound test solutions, comprised of multiple drugs, the
microfiuidic cartridge 140 can detect potentially unsafe
drug-drug interactions. These can be cross-referenced with
the patient’s characteristics and (written, electronic or oth-
erwise) chart or doctor’s orders, in order to prevent admin-
istration of potentially unsafe drugs to the patient.

FIG. 7 is a schematic of an embodiment of an optical
detector system for detecting and measuring the flow rate of
a test solution. An optical detector system comprises a light
source 710 and a plurality of photo detectors 720 arranged
around a drip chamber 730. At least one photo detector 720
is placed directly opposite from the light source 710. The
drip chamber 730 is coupled to an IV line. The light
source-detector assembly is in direct communication with a
processor that controls the measurement schedule. The light
source emits light 710 continuously. The photo detectors 720
may sample the light intensity they collect with a high
sampling rate. Because the walls of the drip chamber or
reservoir are made of translucent materials, usually plastic,
the light beam will be diffracted and reflected as it travels
through the drip chamber. The amount of light collected at
each photo detector 720 is determined by the optical prop-
erties of the chamber wall. In the absence of any solution
flow, the light intensity pattern across all detectors is the
baseline condition. As the solution flows through the cham-
ber 730, discrete drops cross the light beam path and alter the
overall diffraction/reflection of the light as it travels through
the chamber 730. Counting the number of times the light
intensity pattern is modified at the photo 720 in a pre-
determined time window yields the flow rate in drops per
unit time. This flow rate may be multiplied by a conversion
factor, determined by the diameter of the intravenous tubing
(units of volume per drop) to convert it into units of volume
per unit time. The measured flow rate is stored by the
processor.

FIG. 8 is a cross-sectional view of an embodiment of an
optical system for detecting and measuring the flow rate of
a test solution. In particular, FIG. 8 depicts the optical
system comprising a plurality of detector arrays and empha-
sizes the need for several photo detectors to prevent random
light intensity fluctuations in any given sensor to be counted
(incorrectly) as a fluid drop crossing the light path.
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Additional Types of Tests Implementable with the System
and Methods of the Invention

In some embodiments, silver nitrate may be used to
measure the concentration of potassium chloride. For
example, pairs of electrodes are placed along the length of
the test channel 40 at predetermined intervals, for example
at equidistant intervals. A reference solution of silver nitrate
is introduced into the test channel 40 with a test sample
containing potassium chloride. Potassium chloride and sil-
ver nitrate mix through diffusion, producing a silver pre-
cipitate deposited at the bottom of the test channel 40. As the
two fluids travel down the test channel 40, a mixing area
arises from the center of the test channel 40 out towards the
edges of the test channel 40. For a given solution concen-
tration, this mixing area widens as a function of the length
of the test channel 40. The mixing area is narrowest at the
point where the fluids first come in contact with one another,
upstream of the test channel 40, and widest towards the end
of the test channel 40, displaying a cone-like shape. At any
given point along the length of the test channel 40, the width
of the mixing area is proportional to the concentration of the
silver nitrate and potassium chloride solutions. Hence, the
width of the deposited silver “wire” is proportional to the
concentration of potassium chloride. Larger concentrations
of potassium chloride generate a wider silver wire earlier in
the test channel 40. Hence, the concentration of potassium
chloride can be assessed by identifying the position along
the length of the test channel 40 at which the first pair of
electrodes 50 becomes connected by the silver wire. The
connectivity of any given pair of electrodes 50 may be
measured by assessing conductivity with small voltage
pulses.

In some embodiments, antibody binding tests may also be
implemented to detect and measure analytes that bind immu-
nogolublins, e.g., insulin. Antibodies can be added to an
ionic solution with known composition and conductivity.
When flowing through the microfluidic test channel 40, the
antibodies bind to the analyte in the test sample, e.g., insulin,
in proportion to the concentration of the analyte. Due to its
greater size, each bound antibody-analyte complex displaces
a larger number of ions than an unbound antibody. At any
given position along the test channel 40, the bound antibod-
ies displace electrolytes in proportion to the concentration of
the analyte, resulting in a predictable and detectable change
in conductivity.

In some embodiments, thermal tests can be added to the
microfiuidic cartridge 10 to further enhance analyte recog-
nition and quantification. For example, given that potassium
chloride is an ionic solution, applying a voltage pulse in the
absence of a reference solution will produce a current that is
proportional to its concentration. The same is true for a
calcium chloride solution. One way to discriminate between
these two ionic solutions would be to use water as a
reference solution in a microfluidic channel. Mixing potas-
sium chloride with water is an endothermic reaction, i.e., it
absorbs heat from the environment, whereas mixing calcium
chloride with water is an exothermic reaction, i.e., it releases
heat to the environment. The change in temperature pro-
duced by the reaction can be detected by embedding a set of
thermocouples along the length of the microfluidic test
channel 40. While in this case the ionic currents in response
to voltage pulses could be ambiguous in determining the
identity of the test solution, measuring the change in tem-
perature in response to mixing the solution with water would
aid in enhancing the identification of the ionic species.
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Potassium chloride would result in a drop in temperature,
while calcium chloride would produce an increase in tem-
perature.

In some embodiments, optical tests could be used to
enhance analyte identification and quantification. The
microfiuidic cartridges 40 may be used in conjunction with
a laser and photo detectors to detect optical properties of the
test and reference solutions and of their mixture. For
example, test solutions comprised of insulin or heparin,
which both tend to bind to zinc ions, can be discriminated
optically. Mixing either test sample with zinc chloride
produce a drop in free zinc ions and the corresponding ionic
current in response to a voltage pulse. However, heparin and
insulin display different aggregation patterns once they have
bound with zinc ions. Consequently, the new ion-analyte
complexes, e.g., heparin-zinc or insulin-zinc, display differ-
ent optical properties, such as light absorption and reflection.
To determine the identity of the test solution, a laser pulse or
other light source, e.g., diode of narrow or broad band, may
be directed toward the mixed test-reference solution, with
the resulting amount of light being reflected measured by
one or more photo detectors.

In addition to being used to detect errors in drug identity
or concentration, the microfluidic cartridges 40 may incor-
porated into a patient safety device that stores a time-
stamped log of all drugs, including type and concentration,
that have been administered to a given patient. Such infor-
mation can be used upon deterioration of the patient’s
condition to identify potential causes, or offline to study
aspects of treatment and disease management, including, but
not limited to, understanding the effect of variations in
concentration on treatment outcomes. The log can be written
to an external computer or directly to a local storage device
(e.g., hard drive).

In some embodiments, a patient safety system based on
the microfluidic cartridges 40 described herein detect, and
then indicate, alert against, stop, or prevent, the occurrence
of potentially unsafe drug administration, including, but not
limited to, potentially unsafe drug-drug interactions or the
administration of drugs contrary to hospital or other relevant
treatment guidelines or protocols. Such a system can analyze
the drugs prior to administration to the patient, using the
methods and microfluidic cartridges described herein, or
other methods or mechanisms. The system can monitor and
track the history of all drugs administered to the patient
within a relevant time period, and compare drugs that are
about to be administered to the patient against the patient’s
known characteristics, including allergies, condition and
disease, as well as the doctor’s orders, and hospital policies.
If this comparison signals a potentially unsafe event, with a
likelihood exceeding a predefined tolerable threshold, the
system can alert the user or send a warning message to
another site, e.g., nursing station, hospital-based network
server, or healthcare practitioner or provider. Even in the
absence of potentially unsafe events, the system can store
and send messages to any of these locations or individuals,
in order to provide periodic notification of drug administra-
tion.

Patient safety systems are but one possible application of
the invention. The microfluidic cartridge 40 is versatile and
the devices, systems and methods disclosed herein for
patient safety readily can be adapted to any situation where
detection of analytes and/or their concentrations are desir-
able. Such applications may or may not include alarming,
automatic shutoff of fluid flow, and automatic disposal of
product, as appropriate. For example, microfluidic cartridges
can be used by quality control departments, e.g., in phar-

25

40

45

50

55

26

maceutical companies or distributors, to verify chemical
reagents or drugs prior to packaging, prior to shipment, or
prior to stocking Microfluidic systems may be configured as
portable devices for field use. In the case of solid analytes,
the analyte could be dissolved or suspended in a suitable
liquid for testing in a microfluidic channel.

Aside from patient safety devices, in some embodiments,
the microfluidic cartridges can be used for quality control
purposes, e.g., at pharmacies or manufacturing plants.
Diminished efficacy of drugs can be due to their inability to
bind to vehicles, most likely blood proteins, or to affect
target sites. For example, in the case of antibiotics such as
cephalosporins, reference solutions containing either blood
proteins such as plasma protein fraction or peptidoglycan
polymers would reveal the drugs’ ability to bind to its
transport or target agent, respectively. Using reference solu-
tions with known binding affinities to an active ingredient,
the microfluidic cartridges can be used to determine the
efficacy as well as the concentration of an analyte within
desired ranges. Quality control measures entail a broader set
of reference solutions to be used, potentially requiring more
controlled environments, e.g., temperature, lighting, etc.,
than by the patient’s bedside. These additional constraints
may be applied to the microfluidic cartridges incorporated
into quality control devices.

The following examples are provided for illustration, not
limitation.

Example 1

In one embodiment, a heparin containing solution was
distinguished from a control solution using a microfluidic
cartridge. In this embodiment a microfluidic cartridge was
fabricated by irreversibly bonding a layer of polydimethyl-
siloxane (PDMS) to a glass slide. Prior to bonding, a
Y-shaped microchannel (100 um diameter, 20 mm length)
was molded in the PDMS layer. A pair of planar Pt/Pd
electrodes was deposited on the surface of the glass slide
with a gap of 90 um between the electrodes. The PDMS and
glass layers were aligned so that both electrode tips
remained within the channel.

A calcium chloride solution was prepared by mixing 7.45
g of calcium chloride dehydrate in 10 mL of water to obtain
a 5M concentration. The sample solution included either: (1)
injectable saline (0.5 mL, 0.9% sodium chloride Injection,
USP) or (2) heparin (500 1U) mixed in injectable saline (0.5
ml, 0.9% sodium chloride Injection, USP), i.e., roughly 100
times the concentration that would typically be used for a
patient weighing 100 Ibs.

Controlled laboratory tests were performed to discrimi-
nate between the two different sample solutions. Heparin is
known to bind Ca®*, thus a 5M calcium chloride solution
was used as the reference solution. In separate experiments,
one or the other test solution was introduced into the
microfiuidic cartridge through its respective channel at a
uniform flow rate of 0.10 ul./min, using a pump. At the same
time, the reference (saline) solution was pumped into the
microfiuidic cartridge at a similar constant rate. As soon as
both the reference and test solutions were flowing in the test
channel, a train of 100 voltage pulses (2 volts) was applied
via the electrodes. The resulting current was measured 10 ms
following each voltage pulse. The test lasted less than 2
minutes.

More specifically, a 10 ul. Hamilton syringe was loaded
with either test solution or reference solution. The syringes
were connected to a single syringe pump (Kent Scientific
Genie Plus), whose flow rate was set to 0.10 pl./min.



US 9,446,405 B2

27

Polyamide Capillary columns (Fisher Scientific) communi-
cated each syringe with the appropriate inlet of the micro-
fluidic cartridge. Flow was initiated simultaneously on both
of the test and reference channels. Once flow was estab-
lished, voltage pulses were delivered using a Keithley
picoammeter/voltage source (Model 6487) through the out-
put of the voltage source and currents measured through its
input. Data were analyzed using Microsoft Excel software
by comparing the mean current response of each condition.

Referring to FIG. 4, the heparin test sample produced an
average current of 0.144/-—0.01 mA, while the saline
solution produced a significantly (Student’s t-test (p<0.01))
higher average current of 0.5+/-0.02 mA. As demonstrated
by FIG. 3, a heparin saline solution can be distinguished
from a saline solution using a Ca®* reference sample because
each solution generates a significantly different current in
the microfluidic cartridge.

Example 2

Different concentrations of heparin can be discriminated
using the microfluidic cartridge and controlled laboratory
tests of Example 1.

Referring to FIG. 5, three different test solutions were
prepared: (1) heparin diluted in injectable saline at half the
typical dose for a 100 Ib patient; (2) heparin in saline at five
times the typical dose for a 100 Ib patient; or (3) injectable
saline (0.5 mL, 0.9% sodium chloride Injection, USP). The
reference solution was calcium chloride with a 100 mM
concentration. Average currents in response to 2V pulses
were: 0.964/-0.05, 0.68+/-0.02, 0.46+/-0.01 to for saline
alone, 0.5x Heparin or 5x Heparin respectively. As demon-
strated by FIG. 5, the microfluidic cartridge is capable of
discriminating heparin solutions of different concentrations
using a Ca®* reference sample because each solution gen-
erates a significantly different current in the microfluidic
cartridge.

Example 3

The identity and concentration of some drugs can be
detected by measuring changes in pH. For example, mor-
phine is a natural base. Morphine increases the hydroxide
ion (OH™) concentration in aqueous solutions. Using water
as a reference solution produces measurable changes in pH
upon mixing in a microfluidic channel. pH changes in
proportion to the concentration of morphine.

In order to detect pH changes, a set of pH-sensing
electrodes were positioned in the microfluidic channel (Stan-
ton J W, Design and fabrication of a microfluidic electro-
chemical pH-stat, Master’s Thesis, Case Western Reserve
University, 2010). The pH-sensing electrodes comprise a
thin metal film (palladium or iridium) with an oxide layer
(palladium or iridium oxide) thermally grown on the sur-
face. Changes in pH were detected as a change in voltage
measured by the sensing electrodes.

The use of headings and sections in the application is not
meant to limit the invention; each section can apply to any
aspect, embodiment, or feature of the invention.

Throughout the application, where compositions are
described as having, including, or comprising specific com-
ponents, or where processes are described as having, includ-
ing or comprising specific process steps, it is contemplated
that compositions of the present teachings also consist
essentially of, or consist of, the recited components, and that
the processes of the present teachings also consist essentially
of, or consist of, the recited process steps.
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In the application, where an element or component is said
to be included in and/or selected from a list of recited
elements or components, it should be understood that the
element or component can be any one of the recited elements
or components and can be selected from a group consisting
of two or more of the recited elements or components.

It should be understood that the order of steps or order for
performing certain actions is immaterial so long as the
present teachings remain operable. Moreover, two or more
steps or actions may be conducted simultaneously.

Where a range or list of values is provided, each inter-
vening value between the upper and lower limits of that
range or list of values is individually contemplated and is
encompassed within the invention as if each value were
specifically enumerated herein. In addition, smaller ranges
between and including the upper and lower limits of a given
range are contemplated and encompassed within the inven-
tion. The listing of exemplary values or ranges is not a
disclaimer of other values or ranges between and including
the upper and lower limits of a given range.

We claim:

1. A microfluidic device for use in a system comprising an
intravenous delivery apparatus in fluid communication with
the microfluidic device for providing an injectable test
solution containing a test analyte to the microfluidic device,
one or more intravenous lines with one or more ports to
deliver the injectable test solution to the microfluidic device
for analysis, a pump or pressure source to circulate the
injectable test solution from one or more intravenous lines,
and a reference solution, a valve in each of the intravenous
lines for regulating flow of the injectable solution, and one
or more controllers for operating the valves, the microfluidic
device comprising:

one or more test channels, each having a lumen;

one or more reference solution channels in fluid commu-
nication with the one or more test channels;

one or more sample channels in fluid communication with
the one or more test channels with each sample channel
also in fluid communication with the injectable test
solution;

a detector coupled to a plurality of sensors that are at least
partially exposed within the lumen of the one or more
test channels, the detector measuring at least one prop-
erty of the test analyte;

one or more ionic reference solution reservoirs in fluid
communication with the one or more reference solution
channels; and

a processor that generates a response profile for the test
analyte from said at least one measurement of a prop-
erty, compares the generated profile to a known
response profile for a specified analyte, estimates a
likelihood that the generated profile and known
response profile match within an acceptable range and
generates an error signal when the likelihood of a
match falls outside the acceptable range;

wherein the response profile is generated by applying
voltage pulses as the stimulus to the test analyte at one
or more locations along the test channels, and

wherein measuring the response to the stimulus received
by the detector comprises measuring current resulting
from the voltage pulses.

2. The microfluidic device of claim 1, wherein the detec-
tor measures at least one of electrochemical, chemical,
physical, biological, biochemical, thermal and optical prop-
erties of the test analyte.

3. The microfluidic device of claim 1, wherein, when the
processor outputs the error signal to the one or more
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controllers, the valve controlling flow of the injectable test
solution is closed by the one or more controllers.

4. The microfluidic device of claim 1, further comprising
a communication link to an alarm activated by the error
signal.

5. The microfluidic device of claim 1, wherein informa-
tion collected by the system by the processor is transmitted
via an output interface.

6. The microfluidic device of claim 1, wherein the system
further comprises an infusion pump that controls a flow rate
of the injectable test solution, and wherein the flow rate is
controlled by the processor communicating with the pump,
based on the measured properties of the test analyte.
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